surgery was performed in 19 of 38 patients: valvotomy alone in eight, excision of SVR in five (two of whom also had valvotomy) and mitral valve replacement in seven. Additional non-mitral cardiac surgery was performed in 18 patients. Overall surgical mortality was 49%; mortality for surgery on the mitral valve was 26%. Only patients having mitral valve replacement or with isolated SVR which was then resected became asymptomatic and had normal hemodynamics on postoperative catheterization.
Phonocardiograms obtained from 18 patients and Frank vectorcardiograms from ten patients were also examined. Single crystal M-mode echocardiograms were done in 13 patients and were analyzed for 1) mitral valve motion, 2) diastolic closure rate (E to F slope), 3) left atrial dimension, 4) presence of additional echoes, 5) presence of A wave in the pulmonary valve motion (presumptive evidence of pulmonary artery hypertension). 12 13 Cardiac catheterization was performed in 36 of 38 patients. Twenty-four of the patients had serial catheterization. Mitral valve gradients were obtained in 28 of 36 patients by measuring pressures directly across the mitral valve on catheter pullback and/or by simultaneous recording of pulmonary capillary wedge "a" wave and left ventricular end-diastolic pressure. Satisfactory left ventricular and/or pulmonary artery angiocardiograms were available in 33 patients, 21 of whom had left ventricular angiograms, five left atrial angiograms and 24 right ventricular or pulmonary artery angiograms and an adequate levophase. Oxygen consumption was measured in 13 patients and assumed in the others." Systemic and pulmonary blood flows were determined in duplicate by the direct Fick principle using mixed venous and arterial blood oxygen saturations. Pulmonary arteriolar resistance was calculated as follows:
(PAP -PVp)/PBI where PAp is pulmonary artery mean pressure, PV, is pulmonary venous mean pressure (or pulmonary capillary wedge pressure) and PBI is pulmonary flow index, calculated as indexed oxygen consumption divided by the pulmonary A-V 02 difference. Mitral valve area using Gorlin's formula'5 was determined in 20 patients. Autopsy reports were reviewed and heart and lung biopsy specimens were examined when available.
Survival curves were constructed utilizing actuarial estimation of survival."'
Classification
The patients were characterized on the basis of associated cardiovascular anomalies (table 1) . Group I comprised patients with isolated mitral valve disease (N = 10), and included seven patients with isolated valvar MS and three patients with predominant MS and significant mitral regurgitation. Group II comprised seven patients who had supravalvar mitral ring (SVR) with or without valvar in- (aged 4-9/12 and 18-4/12 years), the diagnosis was first made at surgery.
Associated Cardiovascular Abnormalities
The overall frequency of associated significant cardiovascular abnormalities was 74% (28/38). These were nearly equally distributed among patients with mild and severe mitral obstruction. The prevalence and type of associated cardiovascular abnormalities are listed in table 2. It is of interest that D-transposition of the great arteries and double outlet right ventricle were not noted among any of the patients with mitral stenosis.
Extracardiac Anomalies
Noncardiac anomalies were present in 37% (14/38) of patients. These included inguinal hernia in three patients, genitourinary abnormalities in two children, cystic ovaries with accessary lobation of the lungs in three patients and one patient each with ectopic pancreas, meningomyelocele, anal harmartoma, scoliosis, thalassemia minor and eosinophilic granuloma of the spine. Two patients had multiple congenital anomalies such as abnormal facies, high arched palate and retardation. There was no recognizable pattern of malformations or syndrome. None of the patients were noted to have been born prematurely, but because birth weights were not available on all patients, it was impossible to determine whether or not there were some small-for-dates patients among them.
Symptoms, Physical Findings and Complications
Exertional dyspnea and recurrent severe pulmonary infections were the predominant symptoms, each occurring in 15 patients (39%). Only one patient, a child in group I with the least obstructive mitral valve in the entire series, was entirely symptom free. Three patients, all in group III, presented with recurrent episodes of severe respiratory distress, wheezing, tachypnea, and central cyanosis. Peripheral and/or central cyanosis was present in 19 patients. The systemic arterial oxygen saturation in the cyanotic patients ranged from 34 to 95% (three patients in group I, three patients in group II, seven patients in group III, and five patients in group IV). Failure to thrive was a common manifestation of mitral stenosis in infants. Twelve patients were below the third percentile for height and weight at the time of diagnosis of mitral stenosis. Twenty-eight of 38 patients (74%) had congestive heart failure at some point preoperatively. Clinically, ten of these developed gross pulmonary edema, eight of whom had isolated mitral stenosis or supravalvar ring. Fatigue occurred frequently in association with any of the above symptomatology.
The pertinent findings on cardiac examination were on auscultation. A loud S, was noted in 18/38 patients (seven patients in group I, three in group II, six in group III and two in group IV). A loud P2 was heard in 15/38 patients, but could not be clearly related to pulmonary artery pressure. S2 was widely split in three patients (two patients with secundum atrial septal defect, one patient with isolated mitral stenosis) and was single in five (three patients in group III, two in group IV). An opening snap was heard in seven patients; there was no relationship between the severity of the mitral valve obstruction and the presence of a snap. A diastolic apical murmur, related to the MS and/or associated left-to-right shunt, was present in 29 of 38 patients with presystolic accentuation of the murmur in 12. Nine patients had no diastolic murmur (two in group II, five in group III and two in group IV). In the entire group there were only two patients (both had severe isolated valvar MS) with the classical MS "murmur-sound-snap" complex.
Three patients had infective endocarditis. The incidence of endocarditis for the entire group was 3.35 per 1000 patient years. Of the three patients with endocarditis, two had isolated mitral stenosis and one had Shone's syndrome. '7 Alpha Streptococcus and Staphylococcus aureus were each recovered from one patient and blood cultures were sterile in the third. Systemic arterial embolization was not observed.
Laboratory Findings Electrocardiograms
The electrocardiographic features in patients with isolated MS or supravalvar ring included right ventricular hypertrophy (9/10), right atrial enlargement (9/10), left atrial enlargement (10/10), and a normal or slightly rightward (90-120°) QRS axis (9/10). The single patient without right ventricular hypertrophy had mild MS with a peak gradient of 7 mm Hg. Severe associated cardiac anomalies changed the pattern of the electrocardiogram sufficiently to alter the characteristic findings described above. Arrhythmias were noted preoperatively in a few patients: occasional premature ventricular beats in two and atrial fibrillation in one. First degree A-V block developed subsequent to surgery in two patients.
Vectorcardiograms
Vectorcardiograms from 10 patients (six from group III, four from group I) revealed right ventricular hypertrophy in all with an increased mean spatial vector to the right of 2.9 mV (range 0.7 to 5.1 mV).'8 There was no correlation between severity of the mitral valve obstruction and the mean spatial vector to the right. Associated cardiovascular abnormalities were found to influence the vectorcardiogram to such an extent that further analysis was not found to reflect the severity of mitral stenosis and was therefore abandoned.
Phonocardiograms
The findings on phonocardiogram added little to those noted on auscultation. The tracings were generally helpful in confirming the presence of an opening snap and presystolic accentuation of a diastolic murmur.
Chest Roentgenograms
Cardiac enlargement (cardiothoracic ratio greater than 50%) was demonstrated radiographically in nine of ten patients with isolated MS and supravalvar ring. Left atrial enlargement by chest X-ray was seen in nine patients; the one patient without general cardiac or left atrial enlargement had mild mitral stenosis. Redistribution of pulmonary vascularity to the upper third of the lung field was found in nine patients (all beyond infancy); radiographic evidence of pulmonary edema was observed in 6/10 patients. In patients with left-to-right shunts, a redistribution pattern of the pulmonary vascularity was frequently masked by the presence of generalized increased pulmonary blood flow.
Echocardiograms
Echocardiograms were obtained in 13 patients (two in group I, five in group II, five in group III, one in group IV) (table 3). All exhibited one or more of the following abnormalities: anterior motion of the posterior leaflet of the mitral valve during diastole (N = 6), suggesting chordal fusion; decreased amplitude of the mitral valve motion (N = 7), suggesting limited mitral valve motion, and, therefore, deficient leaflet tissue and/or shortened chordae tendineae; diastolic closure rate of the mitral valve of 40 mm/sec or less (N = 11), suggesting limited movement and prolonged filling through an obstructed valve; or the presence of an abnormal echo posterior to the anterior leaflet of the mitral valve (N = 5). Three of the five patients with extra echoes had supravalvar mitral ring. Additional abnormal echocardiographic features were increased left atrial dimension in six patients, absent A waves in the pulmonary valve tracing suggesting pulmonary artery hypertension in three of four patients in whom the pulmonary valve was adequately visualized. There was no correlation between the severity of the left ventricular inflow obstruction determined by blood flow of 4.4 L/min/m2, the mitral valve gradient was 21.2 mm Hg, suggesting that the mitral valve obstruction was less severe in the patients with left-to-right shunts. Mitral valve index was calculated in 20 patients and ranged from 0.44 to 2.13 cm2/m2 with an average indexed area of 1.04 cm2/m2. Severity of associated lesions was assessed by catheterization in 22 of 26 patients. The peak systolic gradient across the coarctation in four patients averaged 48 mm Hg (range 20 to 64) while the peak systolic ejection gradient across the stenotic aortic valves in five averaged 54.8 mm Hg (range 21 to 83). The systemic arterial oxygen saturation in five patients with tetralogy of Fallot averaged 70% prior to shunting (range 34 to 89%). The diagnosis of tricuspid stenosis was made at postmortem examination; no consistent diastolic gradients were measured across the tricuspid valve at catheterization. Serial complete catheterizations in six patients followed medically over a 15.5 year period (average 6.7 years) revealed a mean decrease in the diastolic gradient across the mitral valve from 16.8 to 10.8 mm Hg ( fig. 3) . At the same time, however, pulmonary index in these six patients fell from 12.3 to 7.8 L/min/m2 and pulmonary vascular resistance increased from 3.5 to 9.1 mm Hg/L/min/m2 implying that with time progressive pulmonary vascular A Isolated MS/SVR * MS/SVR & assoc.CHD obstructive disease may be observed in patients with congenital mitral stenosis.
Levophase after right heart angiography in 24 patients or left atrial angiography in four patients was helpful in outlining the size of the left atrium (N = 17), demonstrating the presence of supravalvar ring (N = 1), and estimating the emptying time of the left atrium (N = 13). Selective left ventricular angiograms in 21 patients provided information on the number and position of papillary muscles (N = 4), the motion of the mitral valve leaflets (N = 4), and the presence of a jet through the mitral valve orifice (N = 4). Cineangiography in the right anterior oblique projection was found to be valuable in visualization of the mitral valve border, assessing the motion of the leaflets, and presence of mitral regurgitation. The presence of severe left-sided obstructive lesions, congestive heart failure, or large shunts often obscured the diagnosis of mitral valve obstruction. Diagnosis of mitral stenosis was missed by adequate angiography in ten patients.
Treatment
Seven patients, aged 10 days to two years, were treated medically and three of these were dead at an average followup period of five years (range 20 days to 17 years). All four living patients have mild mitral stenosis. Thirty-one patients had cardiac surgery. Mitral valve surgery was per- FIGURE 2. Hemodynamic severity, expressed as diastolic gradient across the mitral valve (A MV), and systolic (syst) pulmonary artery (PA) pressure in patients with isolated mitral stenosis (MS) and/or supravalvar ring (SVR) and patients with associated congenital heart disease (assoc. CHD). (fig. 4) . Two patients catheterized after a second valvotomy (fig. 4 , patients a and b) had residual mitral valve gradients of 10 and 15 mm Hg, respectively. In one patient, the gradient across the mitral valve and PVR did not change significantly after the repeated valvotomy. In the second, repeat valvotomy was associated with severe mitral regurgitation, a small increase in gradient and marked increase in PVR.
Cardiac catheterization after supravalvar ring resection in two patients showed a drop in mitral valve gradient from 26 to 9 and from 18 to 11 mm Hg, respectively, and in PVR from 23 23 In only one of five such patients in our series was the diagnosis of MS made preoperatively and in this case it was made some ten years after a diagnosis of congenital heart disease was established. There were no unusual features in any of these infants and children with tetralogy of Fallot that might have suggested MS as an additional diagnosis. The lesion was identified by a large mitral valve gradient and subsequent surgical confirmation in two patients, and at autopsy after unsuccessful surgical repair in three patients. The diagnosis of congenital MS in such cases can only be made by having a very high index of suspicion coupled with complete hemodynamic and angiographic information at cardiac catheterization and routine echocardiographic examination of the mitral valve.
Echocardiography is particularly promising as a tool for the early diagnosis of mitral valve abnormalities.24-26 The valve is almost always visualized on scanning and abnormal findings are characteristic. Although the findings described for supravalvar ring are not pathognomonic, it is extremely difficult, if not impossible, to identify parachute mitral valve or the size and number of papillary muscles. While the echocardiogram is an excellent tool for the identification of mitral valve abnormalities, the measurements of diastolic closure rate or mitral valve excursion show no correlation with the severity of the mitral obstruction (table 3) .
In the few patients whose clinical course was uninterrupted by surgical manipulation, mitral stenosis, often in association with other lesions, was found to cause progressively increased pulmonary vascular resistance ( fig.  3 ). The resultant decrease in pulmonary blood flow was associated with a concomitant decrease in mitral valve gradient. The development of pulmonary vascular obstructive disease during early childhood is clearly documented by histologic examination of the lung (table 6) . Vascular disease developed in patients with pure mitral valve lesions as well as those associated with left-to-right shunts or left ventricular outflow obstruction. In patients with successful valvotomy, a decrease in mitral valve gradient was associated with a decrease in pulmonary vascular resistance ( fig. 4) elevated PA pressure (mean PA>23 mm Hg) and group III consisted of six patients with atrial fibrillation. For normotensive ASD, A,-P, and hangout intervals correlated well (r=0.91) and were essentially equal. QA, and Q-RV intervals were also approximately equal, indicating that the electromechanical interval was essentially equal for right and left ventricles (LV) .
In hyperkinetic pulmonary hypertension the hangout interval was relatively narrow as compared to group I (P<0.001) and the splitting interval varied from narrow to wide, depending upon the relative durations of Q-RV and QA,. The QA, indices tended to be within normal limits, suggesting that the duration of Q-RV was the major determinant of the width of splitting. In atrial fibrillation, HO was fixed and narrow; A,-P, and Q-RV intervals were directly related to preceding cycle length.
Thus, an understanding of the mechanism of splitting of the second heart sound in ASD must reflect the HO interval as well as the relative durations of RV and LV electromechanical systoles.
splitting of S, after proven repair of the atrial septal defect."' [10] [11] [12] [13] Secondly, wide expiratory splitting of the second heart sound also occurs in idiopathic dilatation of the pulmonary artery, a condition where diastolic overloading is absent.'4 Thirdly, if the abnormal splitting was due to volume overload of the right ventricle, then one would expect a significant correlation between the amount of shunting and the width of splitting. Castle was unable to show such a correlation but he did show that, in children with atrial septal defects, the width of splitting increased as age increased." In light of these observations, the present study attempted to define the mechanism underlying the wide splitting of the second heart sound seen with atrial septal defect.
Materials and Methods
Twenty-seven patients undergoing diagnostic cardiac catheterization were the subject of this investigation. All had isolated ostium secundum atrial septal defects. Six were
